Leaves, stems and fruit peelings of chickpea (Cicer arientinum L.) were successfully utilized for the accumulation of lead ions from aqueous solutions onto their surfaces. The rate and extent of accumulation were affected by pH, particle size, contact time and the initial concentration of Pb(II) ions, respectively. The sorption capacities of leaves, stems and fruit peelings towards Pb(II) ions were found to be 81.30, 80.10 and 53.26%, respectively, at an initial Pb(II) ion concentration of 200 mg/dm 3 , optimum pH conditions of 6.0, a particle size of 0.354 mm and a contact time of 120 min. Most of the sorption occurred within the first 15 min and attained a maximum value after 120 min. The Bangham equation was used to express the adsorption mechanism. The adsorption rates of Pb(II) ions were found to decrease in the order: leaves > stems > fruit peelings. Possible cell-metal ion interactions may be due to the involvement of -COOH, -OH and -NH groups in the sorption process. The obtained sorption data were well fitted by the Freundlich and Langmuir adsorption isotherms, respectively. The results showed that chickpea leaves and stems behave as good adsorbents for the removal of Pb(II) ions from aqueous solution.
INTRODUCTION
Aqueous heavy metal pollution resulting from human technological activities has long presented a worldwide challenge due to toxicity and accumulation in the food chain. The main sources of heavy metal pollution include the mining, petroleum, textile, milling and surface-finishing industries which discharge a variety of toxic metals such as Cd, Cu, Zn and Pb into the environment (Ajmal et al. 2003) .
Lead, an element that has been used by man for years, can be regarded as a longstanding environmental contaminant. All lead compounds are cumulative poisons that usually affect the gastrointestinal track, the nervous system and sometimes both. The chief sources of lead in water are the effluents of processing industries. Lead is also used in storage batteries, insecticides, plastic water pipes, food, beverages, ointments and medicinal concoctions for flavouring and sweetening. Lead poisoning causes damage to the liver and the kidneys, a reduction in haemoglobin formation, mental retardation, infertility and abnormalities in pregnancy. Briefly, many states of health are linked to elemental imbalance, since at levels above those deemed to be healthy they may cause anaemia, headache, chills, diarrhoea and poisoning leading to the dysfunction of the kidneys, reproductive system, liver, brain and central nervous system (Nadeem et al. 2005) .
Lead is present in industrial effluents in the form of the divalent Pb(II) ion, existing primarily as the hydrolysis product PbOHand/or organic complexes such as tetraethyl lead. Thousands of tons of lead are discharged annually into the atmosphere via the exhaust gases of internal combustion engines fuelled with leaded petroleum, and toxic metals, largely as oxides and salts, are washed down by rain to the Earth's surface from the atmosphere. The Pb(II) ion concentrations in industrial effluents approach values of 200-500 mg/l, which is very high relative to water quality standards and should be reduced to 0.10-0.05 mg/l (Dinesh and Kunwar 2002) . For this reason, the discharge of industrial effluents containing Pb(II) ions to sewage systems is stringently regulated to reduce the environmental impact.
Most common processes for removing Pb(II) ions from the aqueous environment, i.e. chemical precipitation, adsorption, electrochemical treatment, chemical oxidation and reduction, ion exchange, filtration, reverse osmosis, evaporative recovery and solvent extraction, have a limited cost-effectiveness (Brierley et al. 1989; Noyes 1991) . Sorption techniques produce high-quality treated effluents and different sorption processes have been investigated as methods of removing pollutants from wastewaters (Ho et al. 2005) . Biosorption -an effective, economical and alternative process -is used for the uptake of heavy metal ions from aqueous solutions by biological materials. Studies of the adsorption capacities of a number of agricultural wastes and by-products of cellulosic origin for the removal of pollutants from aqueous solutions have been reported in the literature. These include groundnut husks (39.4 mg/g), tea leaves (78.7 mg/g), sugarcane bagasse (67.8 mg/g), peat (122 mg/g), wheat straw (29 mg/g) , corncobs (47 mg/g), barley husks (31 mg/g) (Robinson et al. 2002) , tree ferns (43 mg/g) (Ho et al. 1995) , wood chips (12 mg/g), Sphagnum moss peat (30.7 mg/g) and spruce sawdust (15 mg/g) (Nigam et al. 2000) . Several studies have also been performed using activated carbon prepared from agricultural wastes for the removal of pollutants from aqueous solutions. These include jackfruit peel (35 mg/g), pearl millet husks (29.6 mg/g) (Inbaraj and Sulochana 2002; Inbaraj et al. 2002) , peanut hulls (39.2 mg/g) (Girgis et al. 2002) and coir pith (49.3 mg/g) (Namasivayam and Kavitha 2002) . In addition, the use of inexpensive and efficient cellulose-based adsorbents prepared by the reaction of cross-linked polyethylenimine (CPEI) with wood sawdust has been reported (Ibrahim et al. 1997) .
Although the potential of biological materials has been demonstrated in the removal of toxic heavy metal ions, only low-cost biological materials with a sufficiently high metal-binding capacity and selectivity towards heavy metal ions are suitable for use in a full-scale biosorption process (Asma et al. 2005) . Different forms of inexpensive, non-living plant materials such as rice husk (Ajmal et al. 2003) , sugarcane bagasse (Dinesh and Kunwar 2002), sawdust (Li et al. 2003) , husk and pods of Moringa oleifera (Michael et al. 1996) , rice bran (Montanher et al. 2005) and papaya wood (Asma et al. 2005) have been widely investigated as potential biosorbents for the removal of heavy metal ions. Chickpea or Gram (Cicer arietinum L.) is one of the most important winter crops and pulse legume of Pakistan which is widely used for cooking (Smartt 1976) . The residue containing leaves, stems and fruit peelings is currently discarded as waste which is readily available and inexpensive. Since the chemical functional groups of biosorbents are responsible for metal ion binding, it is most likely that higher plant cells might also be capable of such behaviour. It has been reported by Torresdey et al. (1998) that the dried plant biomass is more preferably for the removal of Pb(II) ions in comparison with the living biomass.
The objective of the present work was to evaluate an economic and reliable agricultural waste which could be utilized as an effective adsorbent for the removal of Pb(II) ions from industrial effluents.
MATERIALS AND METHODS

Preparation of adsorbents
The raw materials (mature plants of chickpea) required for the preparation of adsorbents were collected from a field near Faisalabad, Pakistan and rinsed with de-ionized water. The leaves, stems and fruit peelings were separated from the roots, dried completely in sunlight, ground separately, sieved into three different particle sizes (in the range 0.354-2.0 mm) and stored in desiccators for further applications. Before starting each experiment, the adsorbents were again dried at 90°C in an oven for 2 h to reduce their moisture contents.
Sorption procedure
De-ionized water was used for all the experimental runs. Aqueous solutions containing Pb(II) ions were prepared from Pb(NO 3 ) 2 (A.R. reagent supplied by Merck Chemicals). Batch studies were performed to study the extent of adsorption. Stoppered test tubes containing solutions with different concentrations of Pb(II) ions (50, 100, 150 and 200 ppm) and 0.3 g of adsorbent (leaves, stems and fruit peelings) of three different particle sizes (2.0, 0.707 and 0.354 mm, respectively) were used for such studies, with the pH values of the solutions being adjusted from 4.0 ± 0.1 to 9.0 ± 0.1 using dilute aqueous solutions of NaOH or HCl. The stoppered test tubes were agitated in an orbital shaker at 30°C at a fixed speed of 150 rpm for different contact times. A maximum uptake of Pb(II) ions was observed for adsorbents having a particle size of 0.354 mm and solutions at a pH value of 6.0. Such conditions were employed in subsequent studies.
Analytical methods
The solid adsorbents were separated from the adsorbate solutions by filtration methods using Whatman filter papers, with the supernatant liquid being analyzed for its residual concentration of Pb(II) ions via atomic absorption spectrometry (Perkin-Elmer A Analys-300 instrument). The instrument response was checked periodically against known standards. Duplicate runs which differed by less than 1% were achieved in all the tests, thereby demonstrating the reproducibility of the method employed. The metal ion concentration retained by the adsorbent phase at various times was calculated using the equation:
(1)
where Q e is the amount of metal ions sorbed per unit mass of adsorbent (mg/g), C 0 is the initial concentration of adsorbate (mg/l), C e is the equilibrium concentration of the adsorbate (mg/l), V is the volume of the sample (l) and W is the weight of adsorbent (g) employed. The Bangham equation was utilized to study the adsorption kinetics ( Figure 6 ). The data obtained were well fitted by the Langmuir (Figures 7-9 ) and Freundlich isotherms ( Figures 10-12 ). Figure 1 shows the variation in the percentage removal of Pb(II) ions from aqueous solution with time. It will noted that a gradual increase occurred in the sorption capacity of the adsorbent (leaves, 37.81-81.30%; stems, 32.36-80.10%; fruit peelings, 25.48-53.26%) when the contact time was increased from 5 to 120 min, followed by a corresponding decrease in the sorption capacity of the adsorbent (leaves, 81.30-76.26%; stems, 80.10-75.26%; fruit peelings, 53.26-50.36%) when the contact time was increased from 120 to 150 min.
Effect of contact time
Such a variation in the sorption capacity with time suggests that interaction with the Pb(II) ions in the solution occurred mainly at the cell wall surfaces and that little diffusion of ions occurred within the cell walls of the chickpea adsorbent. If this is the case, it would be expected that the rapid initial binding of Pb(II) ions involved the functional groups on the plant cell walls and that desorption subsequently occurred after a specific contact time (Torresdey et al. 1996 (Torresdey et al. , 1998 . The desorption of Pb(II) ions suggests that the sorption behaviour was pH-dependent, which would be consistent with the formation of surface complexes, the formation of precipitates and ion-exchange reactions. The dominant role in the adsorption of Pb(II) ions is played by carboxyl, hydroxyl and amine functional groups, but a variation in the pH value of the solution or the presence of other ions such as chloride or nitrate causes the sorption process to become reversible. This simple desorption process would be very useful for the recovery of adsorbed metal ions and the regeneration of the adsorbents for further uses.
Effect of particle size
The effect of particle size on the sorption capacity of the adsorbent (chickpea leaves) is depicted in Figure 2 . As the particle size diminished in the range 2.0-0.354 mm, the extent of sorption increased from 52.26% to 81.30%. Such an increase in adsorbent sorption capacity with decreasing particle size could be explained by the fact that sorption was directly proportional to the available surface area; hence, the adsorbent with the smaller particle size of 0.354 mm exhibited the greatest uptake capacity. This would fit in with the fact that activated carbon is such an effective adsorbent material because of its large number of cavernous pores. These provide a large surface area relative to the size of the actual carbon particle and its exterior surface (the corresponding figure is ca. 1 g = 100 m 2 ). Figure 3 illustrates the effect of the initial adsorbate concentration on the removal of Pb(II) ions from aqueous solution. It will be seen from the figure that a gradual increase in Pb(II) ion removal (leaves, 50.21-81.30%; stems, 48.35-80.10%; and fruit peelings, 17.25-53 .26%) occurred when the initial adsorbate concentration was increased over the range 50-200 ppm, followed by a decrease (leaves, 81.30-75.6%; stems, 80.10-73.1%; fruit peelings, 53.26-49 .83%) when the initial adsorbate concentration was increased over the range 200-250 ppm.
Effect of initial adsorbate concentration
At the same adsorbent dose and contact time, a drop occurred in the percentage removal at higher initial Pb(II) ion concentrations whereas, at lower concentrations, sufficient adsorption sites were available for the sorption of such metal ions. However, at higher concentrations, the numbers of metal ions present in solution were relatively greater than the availability of adsorption sites. The percentage removal of heavy metal ions from aqueous solution depends on the initial metal ion concentration and decreases as the initial concentration increases. Disparities in the percentage removal of various metal ions with same initial concentrations, adsorbent dose and contact time depend upon the chemical affinities of the ions and their ion-exchange capacities towards the chemical functional groups on the surface of the adsorbent (Ajay et al. 2005) .
Effect of pH
The effect of pH (over the range 4.0-9.0) on the binding of Pb(II) ions onto chickpea leaves, stems and fruit peelings is illustrated in Figure 4 . This shows that the percentage adsorption increased as the pH value of the aqueous solution increased and attained a maximum value at pH 6.0. This agrees with the results of Feng et al. (2004) which also showed that the percentage removal of Pb(II) ions from aqueous solution was greater at this pH value. Irrespective of the nature of the chickpea adsorbent employed, the pH value had a significant effect on the binding of Pb(II) ions to their surfaces. Decreases in the biosorption of Pb(II) ions at pH values less that 4.0 may be attributed to the fact that metal ions adsorbed onto the surface may be displaced by protons at lower pH, whereas precipitation, changes in the chemistry of the metal ions or altered cell surfaces could affect the adsorption process at higher pH values (Chandrasekhar et al. 2002) . At such higher pH values, higher initial Pb(II) ion concentrations led to desorption for the reasons described above in Section 3.1.
Effect of adsorbent dose
Different amounts of adsorbents (varying over the range 0.05-0.40 g/100 ml solution) with the same initial concentration of adsorbate (200 ppm) have been used to optimize the necessary amount of adsorbent under the conditions prescribed (temperature, 30°C; agitation speed, 150 rpm; pH, 6.0) to obtain a maximum adsorption uptake of Pb(II) ions. From Figure 5 , it will be seen that the maximum adsorption capacity (81.3%, 80.1% and 53.26% for leaves, stems and fruit peelings, respectively) was achieved when 0.3 g/100 ml of each of the various types of adsorbent studied was utilized. The percentage removal first increased and then decreased as the initial adsorbent concentration increased. The decrease in Pb(II) ion uptake capacity with increasing adsorbent dose (> 0.3 g/100 ml) may be due to the formation of clusters of adsorbent particles on the surface giving rise to a decrease in surface area and hence a decrease in uptake capacity.
Adsorption kinetics
The results depicted in Figure 6 show that the sorption of Pb(II) ions by chickpea was very rapid. The rate constant for Pb(II) ion adsorption, K r , was calculated using the Bangham equation (Bei 1983 ) which relates the rate of change in the amount of metal ions adsorbed to the mass of adsorbent employed:
(2) dQ dt Q mt t / / =
On integration, this equation becomes:
(3)
The constants in the equation may be estimated by simple transformation of the latter as:
( 4) The linearity of the plots depicted in Figure 6 demonstrates the applicability of 1/m-order kinetics to the system under consideration. The magnitudes of the adsorption rate constants (K r and 1/m) determined from the intercepts and slopes of the plots depicted in Figure 6 are listed in Table 1 . It will be noted that the rate constants for Pb(II) ion adsorption onto chickpea leaves and stems were greater than that onto fruit peelings, indicating the suitability of leaves and stems as adsorbents for the removal of Pb(II) ions from aqueous solution. Furthermore, the Bangham equation may be employed to express the mechanism for the adsorption of Pb(II) ions onto the adsorbents studied.
The difference in Pb(II) ion uptake capacities of chickpea leaves, stems and fruit peelings may be attributed to the involvement of different types of metal-binding groups in the leaves in the adsorption process. Chickpea leaves may contain higher protein levels capable of supplying sulphhydryl, amino and carboxyl groups. These groups are responsible for the difference in metal-binding capacities as compared to stems and fruit peelings (Torresdey et al. 1996) . The major polymeric components of chickpea stems are cellulose, hemicellulose and hydroxyl and carboxylic groups which may also bind metal ions (Borman 1990 ) since macronutrient (Ca, Mg, K, P) and micronutrient minerals (Fe, Zn, Mn, Cu, B, Ni) are reported to be present in appreciable amounts in chickpea leaves (Ibrikci et al. 2003) .
The adsorption/binding/ion-exchange mechanism may be due to the following process:
with the -COOH groups being derived from the chickpea constituents. The results described above indicate that the pH of the system increased in acidity (from pH 6.0 to 5.7) as the adsorption process progressed. Figures 10-12 show plots of log Q e versus log C e for the systems under study. Again, linear plots of slope 1/n and intercept log K f were obtained in all cases. This indicates that the Freundlich isotherm model also provides a satisfactory fit to the data for the adsorption of Pb(II) ions. The intercept of each plot, log K f , provides a rough indication of the adsorption capacity of the system studied while the slope, 1/n, is an indication of the adsorption intensity.
CONCLUSIONS
The removal of Pb(II) ions from aqueous solution may be achieved through the use of several low-cost adsorbents which are abundantly available. Chickpea leaves, stems and fruit peelings, which are readily available agricultural wastes, have been investigated as adsorbent materials for the removal of Pb(II) ions from aqueous solution. The results obtained demonstrate that such removal is strongly dependent on the pH of the system, with the optimum pH values being determined as 6.0. Chickpea leaves and stems exhibited a better removal efficiency towards Pb(II) ions relative to fruit peelings. The Freundlich and Langmuir adsorption isotherm models were found to be valid for data relating to adsorption at lower initial concentrations of Pb(II) ions but the Langmuir isotherm was not valid at higher initial Pb(II) ion concentrations. It was concluded that chickpea leaves and stems may be utilized successfully for the treatment of industrial effluents containing Pb(II) ions.
